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Department of Immunology, Guy's, King's and St. Thomas' School of Medicine, London, United Kingdom major histocompatibility complex (MHC) gene cluster which accounts for approximately 45% of the inheritable diabetes risk in humans [1] . Disease susceptibility is strongly associated with the HLA-DRB1*04-DQB1*0302 and DRB1*0301-DQB1*0201 haplotypes and these alleles are found in the majority of Caucasian Type 1 diabetes patients [2] . Conversely, a dominant protective effect for Type 1 diabetes is conferred by the DRB1*1501-DQB1*0602 haplotype [3] . Given the fundamental role played by MHC molecules in thymic T-cell selection, as well as in peripheral T-cell regulation and activation, it seems likely that presentation of epitopes derived from pancreatic beta-cell auThe major contribution of genetic susceptibility to Type 1 diabetes mellitus (T1DM) is conferred by the toantigens to autoreactive T-cells plays a pivotal role in Type 1 diabetes pathogenesis [4] .
The mechanisms by which protective and permissive MHC molecules exert their effects on Type 1 diabetes remain unknown. Low affinity binding of autoantigenic peptide epitopes to permissive MHC molecules in the thymus has been suggested as a mechanism by which autoreactive T-cells escape negative selection [5] . Alternatively, protective MHC molecules could positively select a regulatory T-cell population [6] . An alternative, though not mutually exclusive hypothesis is that Type 1 diabetes-permissive MHC molecules bind certain diabetogenic epitopes of a beta-cell autoantigen with high affinity in the pancreas during the inflammatory disease process. The resulting long half-life of an MHC-diabetogenic peptide complex on the cell surface could promote efficient presentation to autoreactive T-cells. Such an epitope could constitute a pathogen-derived peptide, which activates T-cells cross-reactive with an autoantigenic epitope through molecular mimicry [7] . Finally it has been proposed that protective and permissive MHC class II molecules might compete for overlapping epitopes within an autoantigen [8, 9] . The affinity of epitopes for MHC molecules during antigen processing would dictate whether a "diabetogenic" or "non-diabetogenic" epitope is presented on the antigen presenting cell surface. One prediction from these models is that permissive and protective MHC molecules should vary measurably in their ability to bind disease-related peptide epitopes. However, few such epitopes have been identified with certainty in man. For this reason we have chosen to study the interaction of the whole preproinsulin molecule with the Type 1 diabetes-permissive HLA-DR4 (B1*0401) and HLA-DQ8 (A1*0301, B1*0302) molecules, and the Type 1 diabetes-protective HLA-DR2 (B1*1501) and HLA-DQ6.2 (A1*0102, B1*0602) molecules using a direct competition binding assay. Our studies were designed to identify regions of preproinsulin that differ in their binding characteristics to Type 1 diabetes-permissive and -protective HLA molecules.
Methods
Cell lines. As a source of HLA-DR4 (B1*0401) and HLA-DQ8 (A1*0301,B1*0302) molecules Preiss Epstein Barr virus (EBV)-transformed B cells, homozygous for these alleles, were used [10] . As a source of HLA-DR2 (B1*1501) and HLA-DQ6.2 (A1*0102, B1*0602) the homozygous PGF EBV B cell line was used. Cells were grown in RPMI 1640 (Life Technologies, Paisley, UK) supplemented with 10% heat-inactivated foetal calf serum (PAA Laboratories, Yeovil, UK), 1% penicillin/streptomycin (Life Technologies) at 37°C, 5% CO 2 . When cells reached a density of 1-2×10 6 /ml they were pelleted and stored at −80°C.
Purification of HLA-DR and HLA-DQ molecules. HLA class II molecules were purified from cell pellets as described previously [11] . Briefly, cell pellets were homogenized in lyzing buffer and a crude membrane fraction solubilized in 4% NP-40 (Genaxis biotech, Saint-Cloud, France). Detergent solubilized membrane fractions were passed over a series of immunoaffinity columns with monoclonal antibodies specific for HLA-DR (clone L243) and HLA-DQ (clone SPVL3) coupled to protein A-Sepharose. MHC proteins were eluted with 50 mmol·l −1 glycine, pH 11.5, 0.1% sodium deoxycholate and immediately neutralized with 2 mol·l −1 glycine, pH 2 before being dialyzed against 10 mmol·l −1 Tris, pH 8 overnight. Dialyzed eluate was subsequently concentrated to 1 ml by ultrafiltration (Centricon 10; Millipore, Watford, UK) and purified on a gel-filtration column (7.8×300 mm Protein-Pak; Waters, Hemel Hempstead, UK). HLA-class II molecule purity and quantity was assessed by SDS-PAGE. All HLA-class II molecules were more than 98% pure.
Peptides. All synthetic peptides were purchased from Interactiva (Ulm, Germany). An overlapping 20mer peptide panel offset by eight amino acids spanning the human preproinsulin sequence was generated as well as an additional 15mer peptide spanning residues 9-23 of the insulin B-chain. For purposes of comparison with other studies on proinsulin binding to HLA-DR2 and -DR4 [12] , we also obtained two additional synthetic peptides, insulin α-chain 1-17 (GIVEQCCTSICSLYQLE) and β-chain 16-30 (YLVCGERGFFYTPKT). Peptides were dissolved in 100% dimethyl sulfoxide (DMSO) and the peak associated with each peptide was quantified by area-under-curve analysis during RP-HPLC (absorbance at 210 nm, 2.1×150 mm Nova-Pak C 18 column; Waters). All peptides showed over 70% purity by RP-HPLC and MALDI-TOF mass spectrometry. Peptides were stored at −20°C until use.
Peptide binding assays. Synthetic preproinsulin peptides were assessed for their ability to bind soluble HLA-class II molecules in vitro in a direct competition binding assay against a biotinylated indicator peptide. These indicator peptides comprised residues 98-117 of the MHC class II invariant chain peptide (PKPPKPVSKMRMATPLLMQA, for HLA-DR4 and -DQ6.2) [13] , residues 430-444 of the HSV-2 transcriptional activator VP16 (EEVDMTPADALDDFD, for HLA-DQ8) [14] and residues 307-319 of influenza haemagglutinin (PKYVKQNTLKLAT, for HLA-DR2) [12] . We then incubated 12 µg of immunoaffinity-purified HLA class II protein with 2.5 µmol·l −1 biotinylated indicator peptide and test peptide or non-biotinylated indicator peptide at a range of concentrations (0.1-100 µmol·l −1 ) in a final DMSO concentration of 20% in 20 mmol·l −1 2-[N-morpholino]ethanesulfonic acid, 1% w/v n-octylglucoside, 140 mmol·l −1 sodium chloride, 0.05% sodium azide, pH 5, for 20 h at room temperature. Peptide mixtures were transferred to wells of a Maxisorp plate (Nalge Nunc, Hereford, UK) that had been pre-coated for 20 h at room temperature with 100 µl of either anti-HLA-DR (L243) or anti-HLA-DQ (SPVL3) capture antibody at 10 µg·ml −1 in phosphate buffered saline (PBS), blocked with 3% non-fat dried milk and 3% bovine serum albumin (BSA) for 30 min each and washed five times in Tris buffered saline (TBS)/0.1% Tween-20 (all chemicals from Sigma Chemical Co., Poole, Dorset, UK). Plates were incubated for a further 1 h at room temperature and washed five times in TBST. Europium-conjugated streptavidin (Perkin Elmer Ltd., Hounslow, UK) was added at 1 µg·ml −1 in dissociation-enhanced time-resolved fluoroimmunoassays (DELFIA) assay buffer (Wallac Oy, Turku, Finland) and incubated for 45 min at room temperature. Wells were washed a further five times in TBST and 100 µl Delfia enhancement solution added to each well. Fluorescent intensity was measured in a Delfia fluorimeter. Binding assays were car-ried out in triplicate and the entire peptide panel tested simultaneously on each separate occasion.
Whole protein HLA binding assay. Binding affinities of intact whole proinsulin (Eli Lilly, Hampshire, UK) and insulin (Novo Nordisk, Crawley, UK) molecules for HLA-DR2, HLA-DR4, HLA-DQ6.2 and HLA-DQ8 were tested in the same assay used to assess overlapping peptide binding affinities and at equivalent concentrations (0.1-100 µmol·l −1 ). For HLA-DQ8 bio-CLIP was used as an indicator peptide in the insulin and proinsulin binding assays.
Calculation of relative binding affinities of test peptides and proteins for HLA-class II molecules.
The binding affinity of each test peptide was expressed as an inhibitory concentration 50 (IC 50 ), calculated as the concentration of peptide required to inhibit binding of 2.5 µmol·l −1 biotinylated indicator peptide by 50%. IC 50 values were calculated from standard curves in which peptide concentration was plotted against fluorescent units. Assays were carried out in triplcate and the binding affinity of each test peptide was expressed as the mean of triplicate IC 50 values. IC 50 variability between assays was minimal for all peptides tested.
Statistical analysis.
The relationship between binding of different HLA molecules to preproinsulin peptides was analyzed by the Spearman rank correlation test. A p value of less than 0.5 was considered statistically significant.
Results

Preproinsulin peptide binding to diabetes-susceptible HLA-DR4 (B1*0401) and diabetes-protective. HLA-DR2 (B1*1501) molecules
A 12-residue overlapping 20mer peptide panel spanning the entire human preproinsulin sequence, and an additional peptide representing residues 9-23 of the insulin B-chain were tested in triplicate for binding to soluble HLA-DR4 and HLA-DR2. For each peptide tested a binding curve was plotted and a peptide IC 50 value extrapolated from this ( Fig. 1) .
Of the thirteen 20mer peptides tested, four inhibited binding of biotinylated indicator peptide to HLA-DR4 with an IC 50 less than 1 µmol·l −1 and were classified as high affinity binders ( Fig. 2A) . A further four peptides had an IC 50 value between 1 and 10 µmol·l −1 and were graded as having an intermediate HLA-DR4 binding affinity. Of the remaining five low affinity peptides, with an IC 50 value greater than 10 µmol·l −1 , four failed to inhibit indicator peptide binding by 50%, even when tested at 100 µmol·l −1 , and therefore IC 50 values could not be calculated. Higher affinity preproinsulin peptides tended to be located within the insulin A-and B-chains and the preproinsulin signal peptide whereas the majority of the lower affinity peptides were located within the proinsulin C-peptide and at the B-chain/C-peptide junction.
Measurement of binding affinities of overlapping peptides for HLA-DR2 showed that 4 of the 13 overlapping peptides bound with an IC 50 less than 1 µmol·l −1 and, as with HLA-DR4, these sequences were located within the insulin A-and B-chains and the preproinsulin signal peptide (Fig. 2B) . Furthermore, the four peptides with the lowest affinity for HLA-DR2 spanned the proinsulin C-peptide.
Statistical analysis of the relationship between binding of overlapping peptides to HLA-DR4 and HLA-DR2 has shown the correlation to be significant ( Fig. 3A; p<0.0001) .
In order to make comparisons between our own results and those of others, we also obtained two additional synthetic peptides, insulin α-chain 1-17 and β-chain 16-30. Binding affinity of these peptides for HLA-DR molecules has been reported in a previous study. The α-chain peptide was previously reported as a moderate binder to both HLA-DR2 and -DR4 (IC 50 14 µmol·l −1 and 4 µmol·l −1 , respectively). In our hands, this peptide also bound similarly to DR2 and DR4 (IC 50 0.8 µmol·l −1 and 1.1 µmol·l −1 , respectively). The β-chain peptide was previously reported to bind well to HLA-DR2 and poorly to HLA-DR4 (6 µmol·l −1 cal analysis showed the correlation between binding of preproinsulin peptides to HLA-DQ6.2 and HLA-DQ8 to be highly significant (Fig 3B; p<0.0001) .
A strong similarity in the overlapping peptide panel binding pattern was shared by all HLA-class II molecules tested with the highest affinity peptides being located within the insulin A-and B-chains and those spanning the proinsulin C-peptide with the lowest affinities relative to all peptides tested.
Binding of insulin B-chain residues 9-23 to diabetessusceptible and diabetes-protective HLA class II molecules.
Due to the reported importance of residues 9-23 of the insulin B-chain as a target T-cell epitope in the pathogenesis of Type 1 diabetes in the nonobese diabetic mouse (NOD mouse) and in Type 1 diabetes in man, a synthetic peptide constituting these residues was assessed for binding to diabetes-susceptible and diabetes-protective soluble HLA-DR and DQ molecules (Fig. 2) . The mean B9-23 IC 50 values for HLA-DR4 and HLA-DR2 were 10 µmol·l −1 and 1.56 µmol·l −1 , respectively. For both HLA-DR4 and HLA-DR2 therefore, this peptide bound with a moderate to low affinity relative to other preproinsulin peptides tested. The mean B9-23 IC 50 values for HLA-DQ8 and HLA-DQ6.2 were 0.3 µmol·l −1 and 2.3 µmol·l −1 , respectively. B9-23 did not contain the epitope of preproinsulin that binds with the highest affinity to HLA-DQ6.2 and similarly, although being amongst the peptides binding with high affinity to HLA-DQ8, residues B9-23 did not constitute the highest affinity region of the preproinsulin molecule.
Binding of whole insulin and proinsulin molecules to diabetes-susceptible and diabetes-protective HLA class II molecules.
Whole intact proinsulin and insulin molecules were assessed for their ability to bind diabetes-susceptible and diabetes-protective soluble HLA-DR and HLA-DQ molecules in vitro (Fig. 5) . Binding to HLA-DR molecules was weak. We observed detectable binding of proinsulin to HLA-DR4, and 100 µmol·l −1 , respectively). In our assay, the β-chain 16-30 peptide also bound moderately to DR2 (5.4 µmol·l −1 ) and with low affinity to HLA-DR4 (>10 µmol·l −1 ).
To further validate the performance of our HLA-DR binding assay, we also explored the relationship between measured binding to HLA-DR4 and binding predicted by the SYPEITHI programme (http://syfpeithi. bmi-heidelberg.com/), a widely used database of HLA ligands and peptide motifs. There was a clear relationship between high and low predicted binding scores for DR4 and our IC 50 values (Fig. 4) .
Preproinsulin overlapping peptide binding to diabetes-susceptible HLA-DQ8 (A1*0301,B1*0302) and diabetes-protective HLA-DQ6.2 (A1*0102, B1*0602) molecules.
The same preproinsulin overlapping 20mer peptide panel was tested for binding to soluble HLA-DQ6.2 and HLA-DQ8 molecules in vitro in direct competition binding assays (Fig. 2C, D) . Binding of the overlapping peptide panel to HLA-DQ8 showed that seven peptides inhibited binding of biotinylated competitor peptide with an IC 50 less than 1 µmol·l −1 and three peptides bound with an IC 50 value greater than 10 µmol·l −1 . The regions of preproinsulin with the highest affinity for HLA-DQ8 were located within the insulin A-and B-chains. Lowest affinity regions were confined to the proinsulin C-peptide.
Binding affinities to HLA-DQ6.2 with an IC 50 value less than 1 µmol·l −1 were observed for 5 of the 13 overlapping peptides tested and a further five bound with an IC 50 greater than 10 µmol·l −1 . As with HLA-DQ8, the highest binding affinities were focused within the insulin A-and B-chains and the regions of preproinsulin with the lowest affinity for HLA-DQ6.2 were located within the proinsulin C-peptide. Statisti- but HLA-DR2 IC 50 values could not be calculated for either insulin or proinsulin at the concentrations tested and therefore potential differences in HLA-DR2 binding affinity for these molecules could not be established. Binding of both whole proinsulin and insulin to HLA-DQ molecules was more readily detectable. For HLA-DQ6.2, binding to proinsulin and insulin was evident at similar levels of affinity. In contrast, HLA-DQ8 showed a much greater degree of binding to proinsulin than insulin, the difference in IC 50 values being approximately 10-fold.
Discussion
The aim of this study was to investigate whether Type 1 diabetes-permissive and -protective HLA class II molecules differ in their binding characteristics to the beta-cell autoantigen proinsulin, in order to gain a better understanding of disease-related functional differences between these molecules. The results show, however, a striking correlation between diabetes-permissive and diabetes-protective HLA class II molecules and the characteristics of their binding to regions of preproinsulin. Each of the HLA class II molecules examined had low affinity binding across the proinsulin C-peptide region and highest binding within the insulin A-chain relative to other peptides tested. In addition, each of the HLA class II molecules tested was able to bind the B9-23 region of the B-chain, proposed as an important epitope in human Type 1 diabetes and in the NOD mouse [15, 16] . Some differences in the binding characteristics of different HLA class II molecules were however detected. Notably, the HLA class II molecule most strongly associated with Type 1 diabetes, HLA-DQ8, has the greatest difference in its affinity for binding proinsulin and insulin, which could have relevance to the processing and presentation of autoantigenic epitopes to autoreactive T-cells.
Peptides bind HLA class II molecules via interactions between side chains of peptide anchor residues and specific pockets within the HLA peptide-binding groove [17] . The HLA binding groove is highly promiscuous and capable of accommodating a broad range of peptides, albeit at varying affinities. Residue requirements at defined anchor positions within the binding groove define the peptide-binding "motif" of a particular HLA allele and primary motifs for several Type 1 diabetes-protective and -permissive HLA class II molecules have been defined by a variety of experimental approaches [18, 19, 20, 21] . In light of these differing primary motifs HLA class II molecules might be expected to vary in their binding preferences to a panel of synthetic peptides. However, the existence of promiscuous peptides with the ability to bind multiple HLA molecules and with immunogenic potential has been reported [22, 23, 24] . Furthermore, peptides with promiscuous binding characteristics have been identified after sequencing of naturally processed peptides eluted from several HLA class II molecules, supporting the concept that degeneracy of peptide binding is a natural occurrence [18] . The ability of synthetic peptides within the insulin A-and Bchains and the preproinsulin signal peptide to bind all HLA class II molecules tested with relatively high affinity, compared to other peptides in the panel, is therefore consistent with previous studies.
Peptide promiscuity implies the existence of overlapping core binding motifs within these regions of preproinsulin. Alternatively, the promiscuous preproinsulin peptides identified in our study could bind different HLA molecules via the same binding frame, using conserved anchor residues, or could lack allelerestricted contact sites at the major anchor positions. Such "supermotifs" have been described extensively for HLA class I molecules [25] and for HLA-DR molecules [26] . As yet, evidence of supermotifs capable of binding both HLA-DR and HLA-DQ is more limited [27] . The identification of peptides from beta-cell autoantigens that encompass supermotifs might be beneficial in the design of peptide-based immunotherapies aiming to restore immune tolerance in the outbred population in which multiple different HLA-DR and HLA-DQ alleles will be expressed by any given individual at risk of Type 1 diabetes [28] .
Autoreactive T-cell responses to residues B9-23 of the insulin B-chain are associated with the development of diabetes in the NOD mouse [15] . Recently, interferon-gamma producing B9-23 reactive T-cells have been detected in recent onset Type 1 diabetes patients and pre-diabetic individuals [16] . Previous reports have suggested that B9-23 peptide binds weakly to the NOD mouse HLA-DQ8 homologue I-A g7 and that such complexes are unstable at the cell surface, with a fast off-rate [14, 29] . It has been proposed that as a consequence, there is a failure of clonal deletion of B9-23 reactive T-cells in the thymus of NOD mice, contributing to disease pathogenesis [5] . In contrast, the results of our binding assay show, consistent with previous reports [14] and the crystal structure of a HLA-DQ8/B9-23 peptide complex [30] , that B9-23 peptide binds with high affinity to HLA-DQ8. However, other regions of preproinsulin also bound HLA-DQ8 with comparable or higher affinity. Further studies will be required to show which regions of this autoantigen are naturally processed and presented by this Type 1 diabetes permissive HLA class II molecule in vivo, as we [11] and others have shown that the relationship between binding affinity, processing and presentation is complex. However, our binding data suggest that naturally processed epitopes are unlikely to arise from the C-peptide region, which had low or undetectable binding to all HLA class II molecules tested and has also been shown by others to contain poorly binding sequences for several different HLA-DR molecules [12] .
Our study shows that B9-23 peptide also binds with high affinity to both Type 1 diabetes protective and permissive HLA-DQ molecules. This finding raises the question as to whether HLA-DQ6.2 molecules could exert their dominant protective effect through determinant capture [8, 9] . It is proposed that in this process, binding of disease-related epitopes to a permissive HLA class II molecule is by a co-expressed, protective HLA class II molecule with higher affinity for the same region of the autoantigen. However, our binding assay is based on relative affinity of test peptide for a single HLA class II molecule, in competition with a selected indicator peptide. This precludes direct comparisons of binding affinities of individual peptides for different HLA class II molecules, and therefore other approaches will be required to examine this hypothesis.
Other investigators have examined binding of proinsulin peptides to HLA-DR and HLA-DQ molecules. One such study examined binding of overlapping peptides of proinsulin to a range of different HLA-DR molecules, and the concordance between their results and our own in relation to binding to HLA-DR2 and -DR4 molecules in the C-peptide region has been discussed above [12] . Concordance in other areas of the molecule is difficult to judge, since the overlapping peptide sets were different, but our analysis of two peptides from the aforementioned study, insulin α-chain 1-17 and β-chain 16-30, shows broadly similar results. Differences are likely to be attributable to differences in peptide sets and the use of different indicator peptides.
For binding of proinsulin peptides to HLA-DQ, in contrast, our study is the first to measure direct binding of test peptide to the HLA-DQ groove. A previous study to examine binding to HLA-DQ8 and HL-DQ6.2 [20] used a whole cell lysate assay, and found that B9-23 bound slightly better to HLA-DQ6.2 than to HLA-DQ8. However, the assay did not involve competitive displacement by test peptide of an indicator peptide and it remains uncertain, therefore, whether the binding detected is HLA peptide binding groove-specific. Others have examined differences in T-cell response to proinsulin peptides after immunization of HLA-DQ8 and -DQ6 transgenic mice [31] . However, the observed differences in recognition of different proinsulin peptides in that study were modest, and might reflect parameters other than peptide affinity, such as peptide solubility and TCR avidity.
The only difference between Type 1 diabetes-permissive and -protective HLA class II molecules that we could identify in this study was in their differences in binding affinity for intact proinsulin and insulin molecules. For HLA-DQ8 the IC 50 value of proinsulin was almost a log-fold higher than that of insulin whereas HLA-DQ6.2 bound both molecules with a very similar affinity. The higher affinity of HLA-DQ8 for proinsulin over insulin suggests that HLA-DQ8 binds regions unique to proinsulin, i.e. within the Cpeptide or at the C-peptide/A-chain and C-peptide/Bchain junctions. Since binding to peptides representing the C-peptide was generally poor, it is likely that exposed junctional regions have the capacity for direct binding to HLA-DQ8. The mechanism through which enhanced binding of proinsulin to HLA-DQ8 might influence Type 1 diabetes susceptibility is not clear. However, one speculation would be that such properties could enhance processing and presentation of proinsulin epitopes located within these regions of the molecule. The open ends of class II MHC molecules are well suited to capture of unfolded antigen domains, and it is thought that this could be essential to avoid excessive destruction of T-cell epitopes by overdigestion by processing enzymes [32] . Several studies have indicated that long processing products, up to 7 kDa, could be generated [33] strongly suggesting that interaction between MHC class II molecule and antigen can be an early event, preceding much of the proteolytic destruction of antigens. In this scenario, the ability of HLA-DQ8 to bind intact proinsulin would provide a greater opportunity for peptide presentation and might skew the peptides shown towards those in more "exposed" regions of the molecule. Further data on natural processing will be required to add to these observations.
